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Abstract
The utilisation of biomass in coal-fired power plants can mitigate CO2 emissions, especially when combined with 
carbon capture and storage (CCS) technologies, such as oxy-fuel combustion. In this paper, a commercial
computational fluid dynamics software was used, with small or no modifications to the physical submodels, to predict 
the performance of a 500 MWe sub-critical coal fired boiler under air and oxy-fuel conditions when firing coal,
biomass, and a 20% biomass blend, for the same thermal input. The results suggest that for a wet recycle retrofit, the
optimum oxygen concentration lies between the simulated range of 25 and 30%, where heat transfer characteristics of 
the air-fired design could be matched when firing either coal or a 20% biomass blend. However, for 100% biomass
firing modifications of the firing arrangement may be necessary to achieve an output closer to the original design.
© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Recently, the need to mitigate climate change has led to CO2 emissions being a major environmental
concern. In the UK, decarbonisation of the energy sector is necessary to adhere to the ambitious
government targets of reducing greenhouse gases (GHG) by 80% from the levels recorded in 1990 by 
2050 [1]. As a result, operators of coal-fired power stations have begun to investigate options to reduce
CO2 emissions such as increasing energy efficiency, firing biomass, or carbon capture techniques,
including oxy-fuel combustion. Biomass is a promising alternative fuel source that can be co-fired with,
* Corresponding author. Tel.: +44-113-343-2481; fax: +44-113-246-7310
E-mail address: A.Pranzitelli@leeds.ac.uk
Available online at www.sciencedirect.com
 he Authors. Published by Elsevier Ltd.
ti n and/or pe r-review under responsibility of GHGT
1414   J. Szuhánszki et al. /  Energy Procedia  37 ( 2013 )  1413 – 1422 
or replace, coal in pulverised fuel boilers. When sustainably produced, the process can be considered 
close to carbon neutral because the CO2 released during the combustion of the biomass is removed from 
the atmosphere by a new generation of crops. Biomass also contains less sulphur and nitrogen, lowering 
both SOx and NOx emission compared to coal firing. Furthermore, as part of a balanced energy mix, 
biomass can increase energy security [1]. There is considerable experience of co-firing small amounts of 
biomass with coal in coal-fired power stations; and in the UK, the government has provided additional 
incentives for full conversion to biomass firing in the form of Renewable Obligation Certificates [2]. 
Oxy-fuel combustion is a leading carbon reducing technology that can be retrofitted to existing power 
stations. The combustion of fuel occurs in a mixture of recycled flue gas (RFG) and pure oxygen, instead 
of air, and produces a flue gas with a high concentration of CO2 suitable for storage or utilisation rather 
than being released into the atmosphere [3]. The technology can be used with coal, however if it is 
combined with biomass firing an overall negative CO2 balance can be achieved [1]. 
In a full sized-utility boiler, there is limited experience of firing 100% biomass in air as well as coal 
and biomass under oxy-fuel conditions. Computational fluid dynamics (CFD) is an engineering design 
tool that can give detailed insight into physical and chemical phenomena, such as flow field and 
temperature distributions as well as the concentrations and dispersion of chemical species, that are often 
difficult or costly to measure experimentally inside commercial boilers. This approach has been 
successfully applied to problems including the combustion of coal, both in air and under oxy-fuel 
conditions [4][5], as well as to the combustion of biomass and coal/biomass blends in air [6][7]. 
Therefore, CFD can play a valuable role in understanding some of the technical challenges involved in 
applying a CO2 reduction technology to a utility boiler. In this paper, CFD is used as predictive tool to 
assess the retrofit potential of a 500 MWe coal-fired utility boiler. It builds on previous work 
[8], by incorporating improvements to radiation modelling and through the addition of co-firing cases.  
The CFD results are first validated against data available for the combustion of coal, fired in air. Then, for 
the same thermal input, the performance of the utility boiler is evaluated when coal, a 20% biomass 
blend, and 100% biomass is fired under air- and oxy-firing conditions. 
2. Facility and investigated cases 
The boiler modelled in this study is a 500 MWe sub critical coal fired utility boiler based at Didcot 
Power Station in the UK (detailed description is given in [9]). The wall-fired furnace is equipped with 48 
Doosan Babcock low NOx burners. The coal is delivered through the primary annulus by the carrier air, 
and the rest of the combustion air through the swirled secondary and tertiary annuli. The combustion of 
coal occurs in the furnace section, where radiation to the surrounding water walls is the dominant form of 
heat transfer. As there is a direct line of sight to the flames, radiation is a key part of the heat transfer to 
the superheaters, platen 1 and 2 (shown in Figure 1). Downstream of these, the direct line of sight to the 
flames is restricted by the boiler nose, therefore convective heat transfer becomes increasingly important. 
Since the convective heat exchangers were considered not to influence the combustion process and in-
furnace heat transfer, heat exchangers after the last part of the radiative section, the final reheater (FRH), 
were excluded from this investigation. However, in reality, the flue gas would flow past the convective 
reheaters, economisers, the air pre-heater, and gas cleaning units before being released through the stack.  
2.1. Investigated cases 
Empirical data, as well as predictions from RWE in-house model were used for validating 
the CFD simulation of coal combustion in air. The empirical in-house model (based on [10] and described 
in more detail in [9]) has been optimized and validated by the power station operators to match the 
performance of the utility boiler.  
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Air Oxy25 Oxy30 
 coal 46.7V 46.7 46.7 
Fuel feed rate (kg/s) blend (coal/biom.) 37.4/14.7 37.4/14.7 37.4/14.7 
  biomass 73.2 73.2 73.2 
 coal 529V 500 402 
Oxidiser feed rate (kg/s) blend 530 490 395 
  biomass 535 461 375 
 coal n/a 71 65 
Recycle Ratio (%, wet) blend n/a 69 63 
  biomass n/a 65 58 
Exit O2 (vol%, dry) for all fuels 5V 5 5 
Thermal input (MWth) for all fuels 1275V 1275 1275 
Leakage (air) for all fuels 3%V 3% 3% 
Operating burners for all fuels 36V 36 36 
 
Operating conditions for the validation case, i.e. the coal combustion with air, are shown in Table 1. 
The properties of the coal used, Pittsburgh 8, are summarised in Table 2. Air in-leakage was also 
considered, and to allow for a comparable study of results to oxy-fuel conditions, where it is believed that 
efforts would be made to reduce leakage in a retro-fitted oxy-fuel plant, the value of 3% of the total air 
input was chosen, with leakage assumed to come through the hopper region. 
Table 2. Fuel properties. 
Ultimate analysis, wt% daf Pittsburgh 8 wood Proximate analysis, wt% ar Pittsburgh 8 wood 
Carbon 83.3 52.3 Fixed Carbon 50.1 18.9 
Hydrogen 5.6 6.4 Volatile Matter 30.9 72.6 
Oxygen (by diff.) 6.9 41.1 Ash 10.6 2.8 
Nitrogen 1.6 0.2 Moisture 8.4 5.7 
Sulphur 2.6 trace GCV (MJ/kg) 28.54 18.90 
 
Eight retrofit cases were investigated numerically for the combustion of coal, biomass, and a 20% 
biomass blend under both air- and oxy-firing conditions at 25 and 30% O2 volumetric concentration 
(named oxy25 and oxy30, respectively). The investigated conditions are summarized in Table 1. Thermal 
input, exit oxygen concentration, the number of firing burners, and air leakage were kept constant for all 
the cases. Pittsburgh 8 and pelletised wood were used for all the relevant cases involving coal and 
biomass. The properties of wood are given in Table 2. For the oxy-fuel cases, a wet-recycle was chosen 
and a 5% dry exit oxygen concentration was maintained. Recycle ratios are shown in Table 1. The O2 is 
assumed to be supplied by an Air Separation Unit (ASU) with a purity of 95%, containing 5% inert gases. 
The O2 concentration in the primary register was fixed at 21% by volume, since further enrichment would 
increase the risk of fire and dust explosions [3]. Secondary and tertiary registers were enriched to achieve 
the desired overall oxygen concentration. The RFG composition for each case was calculated iteratively 
from the overall mass balance. 
 





















3. Computational modelling 
The CFD calculations were performed using the commercial package ANSYS FLUENT 14.0 [11] 
with its user-defined functionality. The computational grid included the water walls and superheaters 
(platens 1 and 2, secondary superheater (SSH)), and final reheater (FRH). The symmetry of the boiler 
allowed for half of the furnace to be modelled. The mesh used is shown in Figure 1, together with the 
location of the heat exchangers. The outlet of the domain was located at the exit of the final reheater. 
Only 36 of the 48 burners were firing when the validation data was collected (see Figure 1). The burner 
geometry has been simplified in order to conserve computational resources, and the swirl veins were 
modelled based on the relevant swirl angle. 
The continuous phase was modelled with the Eulerian treatment using a steady state Reynolds-
Averaged Navier-Stokes (RANS) approach, where a Lagrangian frame of reference was used to track the 
motion of fuel particles. The exchange of momentum, heat, and mass between the phases was accounted 
for using the source/sink terms in the governing equations for the two phases. Turbulence was modelled 
by the realisable k- , which has been used successfully in other work modelling coal combustion 
[12]. 
3.1. Grid and boundary conditions 
A grid independence study was performed on 3 alternative meshes, consisting of: 3.2 million cells 
(coarse), 4.1 million cells (medium), and 4.8 million cells (fine), with the additional cells focused near the 
burner zone. Predictions of heat transfer and furnace exit temperature were used as assessment criteria, 
and since the medium and fine meshes performed similarly, the former was chosen. The unstructured 
multiblock mesh consists mostly of swept hexahedral cells, with a small region of polyhedral cells present 
at the exit of the furnace section. The boundary conditions for all of the cases are outlined in Table 1, and 
have been described previously in Section 2.  
    Figure 1. The boiler section modelled (half of the furnace, not to scale). 
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3.2. Heat transfer 
Radiation is the dominant form of heat transfer in the furnace and is therefore important to model 
correctly. The radiative transfer equation (RTE) was solved using the Discrete Ordinates (DO) model [13] 
and the radiative properties of the gases were calculated using the Weighted Sum of Gray Gases (WSGG) 
approach [14][15]. The correlation proposed by Smith et al. [15] has been successfully applied in 
numerous CFD studies involving the combustion of coal and biomass in air [6][7]. However, in oxy-fuel 
conditions, high concentrations of strongly absorbing CO2 and H2O exist and this correlation is no longer 
applicable. The full spectrum correlated k-distributions (FSCK) model developed by the authors [16] has 
been shown to provide more accurate results for a typical oxy-fuel FGR environment compared to the 
WSGG model [15], and the use of the FSCK model is therefore advised. A major limitation of 
implementing this model is related to the computational resources required, as discussed in [16]. 
Therefore, several authors have proposed new correlations for the WSGG model under oxy-fuel 
conditions [17][18][19][20]. Based on the recommendation of [21], which evaluated the available 
correlations in the literature, the values of Johansson [18] were chosen for oxy-fuel cases, implemented 
via a user defined function (UDF), in contrast to the authors  use of the original WSGG model [15] in 
earlier work [8]. The values of Smith et al. [15] were used for the air-cases. The effect of soot on 
radiation was considered [22] and soot formation was modelled with the coal-derived Moss-Brookes 
model [23][24]. 
 In order to model heat transfer through the walls, a partial overall admittance factor and temperature, 
based on the water/steam temperature within the respective tube banks, were used [9].   
3.3. Combustion modelling 
The combustion of volatile species from the devolatilisation of the particles was modelled using the 
Eddy Dissipation Model (EDM) [25] using a two-step global reaction mechanism as used in [4][6][7]. 
The approach used for describing particle combustion in CFD for coal, coal-biomass, and biomass 
combustion has been described in the literature [7][26]. The devolatilisation and burnout of the particles 
were modelled with the single kinetic rate [27] and intrinsic models [28], respectively, with model 
constants used, as before, for coal [7]. Rate constants for the devolatilisation of wood and the intrinsic 
properties of the wood char were obtained from [7] and [29], respectively. Pulverised coal particles were 
assumed to be spherical in shape, and the size distribution ranged between 1  , with a mean 
diameter of 75  
to 3 mm. The cylindrical particles were modelled as equivalent volume spheres; however this yields a 
lower surface area than the surface area of the original cylindrical particle. A consequence of this would 
be the under prediction of both convective and radiative heat transfer to the particles, resulting in 
incorrect predictions of particle heat up and location of volatile release. In order to account for the 
differences in surface areas, a shape factor, , was used, defined as the ratio of surface area of an 
equivalent volume sphere to the surface area of a cylindrical particle. When calculating heat transfer to 
and from the wood particles, the surface area of the equivalent spheres were modified according to the 
particle shape factor, , where Ap and rp are the area and spherical radius of the equivalent 
volume particle, respectively. It was assumed that the internal temperature gradients could be neglected, 
since the mean equivalent diameter of the wood particles was approximately 330 
 [7]. When assessing the temperature history of the 
particles, accurate estimation of the particle trajectories is required in order to determine the time that the 
particle spends travelling through different gas temperature zones. The drag force, which affects the 
particle trajectory, is influenced by the particle shape, and the method of Haider and Levenspiel [30] was 
used to calculate the drag coefficient, CD, of the wood particles using the particle shape factor [7]. 
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4. Results and discussion 
Heat transfer results, given by the summation of heat transfer to the water walls and the radiative heat 
exchanger section (platens 1 and 2, SSH and FRH), are shown in Figure 2. Temperature predictions taken 
at cross sections along the third column of burners are shown in Figure 3.  
The temperature contour and furnace exit temperature of the air-coal validation case is shown in 
Figure 3(i). The high temperature regions are produced by the combustion of the volatiles released from 
the coal followed by the combustion of char, where burnout is completed before the exit of the furnace. 
The cold region at the hopper shows the air in-leakage, which is entrained by the recirculation zone 
created by the bottom row of burners. The CFD prediction of the furnace exit temperature of 1670 K was 
within 5% of the experimental measurement of 1589 K, and in close agreement with the in-house model 
used by the power station (1656 K). Figure 2 shows the predicted heat transfer results for the air-coal 
simulation. Compared to the total heat transfer of 861 MW given by the in-house code, the predictions 
differ by less than 2%. As the CFD results of the air-coal validation case correspond closely with the 
predictions of the in-house model used by the power station, the air-coal CFD case is used as a reference 














Figure 3(ii) and (iii) show the gas temperature contours under oxy-fuel conditions when firing coal. An 
increase in inlet oxygen concentration is shown to raise the flame and furnace exit temperature. To 
achieve a higher oxygen concentration, the flue gas recycle, and hence the dilution, is reduced and the 
adiabatic flame temperature is therefore increased [31]. The higher gas temperatures result in an increase 
in thermal radiation to both the water walls and the radiative heat exchangers, and as a result the total heat 
transfer increases to both of these sections, as shown in Figure 2. The same trend was observed 
experimentally by Smart et al. [32] at a 0.5 MW experimental facility designed to replicate the flue gas 
path of a utility scale boiler. Their results found that a reduction in the level of the flue gas recycle led to 
an increase in radiative heat transfer, but the opposite effect was recorded in the convective section, 
which was attributed to the reduction in the flue gas mass flow. This suggests that heat transfer to the 
convective heat exchangers, outside the modeled domain, would be reduced as well. As mentioned in 
Section 1, the retrofit of oxy-fuel technology to an existing boiler will have to closely match heat transfer 
characteristics and temperature profiles of the air firing design. The results (Figures 2 and 3) suggest that, 
to achieve this, the optimum oxygen concentration lies between 25 and 30%. This value is in agreement 
with those summarised in [3]. 
Figure 2. Heat transfer predictions for the modelled cases. 















































Figure 3. Temperature contours along the 3rd column of burners (the top of the temperature range is clipped at 2200 K). 
Furnace exit temperatures taken at the boiler nose (under platens 1 and 2). i, air-coal; ii, oxy25-coal; iii, oxy30-coal; 
 iv, air-blend; v, oxy25-blend; vi, oxy30-blend; vii, air-biomass; viii, oxy25-biomass; ix, oxy30-biomass. 
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Predictions of biomass-firing behavior under air- and oxy-fuel conditions with coal (blend cases) and 
without coal (biomass cases) are presented in Figures 3(iv-vi) and (vii-ix), respectively. For the air and 
oxy-fuel cases, the results show a reduction in furnace temperatures when compared with firing coal in 
the respective environments. Moisture content and calorific value have been shown to affect flame 
temperatures [33]. Although dried pelletised wood has a lower moisture content than coal (Table 2), the 
higher biomass mass flow required to maintain the thermal input means that the total moisture introduced 
with both fuels is approximately the same. Therefore moisture content can, in this case, be discounted as 
the reason behind the lower temperatures observed in Figure 3. 
Predictions of the carbon in ash (CIA) evaluated after the FRH section showed higher values for 
biomass than for coal, with values of 11% and 0.64% in air-biomass and air-coal cases, respectively, 
which means that some of the chemical energy remained within the fly ash particles. An increase in 
carbon in ash is expected when firing 100% biomass, due to the presence of larger particles, which heat 
up and burn out more slowly. However, it should be noted that, as the ash content is generally much 
lower for biomass, the remaining carbon would constitute a larger percentage of the fly ash when 
compared to coal ash. The gasification reactions for the coal and biomass chars were not included in this 
study. However, it is important to note that, the authors  previous work has shown that it has an effect on 
the overall char reactivity when moving to a oxy-fuel RFG environment [34]. Reaction rates used for the 
biomass char include the possible catalytic effects on char burnout, but a much more detailed theoretical 
approach would be needed to assess its impact. 
The biomass particles have an overall lower total surface area when compared to finely ground coal, 
and therefore radiative emissions due to the particles within the furnace are reduced. Furthermore, as the 
amount of ash is significantly lower in the biomass, the radiative emissions from fly ash particles passing 
through the superheater sections are also reduced. On the basis that particle emissions play a significant 
role in radiative heat transfer [35], it can be argued that the reduction in particle emissions is another 
cause of the lower heat transfer observed in Figure 2, when 100% biomass is fired. Retrofitting an 
existing boiler for biomass firing may require several modifications to improve burnout, and if oxy-
biomass technology was considered, radiative heat transfer may be improved at oxygen concentration 
greater than 30%, although this may impact on the materials inside the boiler. To a lesser extent, the 
larger particles also affect the biomass-blend cases. However, coal dominates the overall combustion 
process and maintains temperatures required to sustain the combustion of biomass. As a result, the total 
heat transfer can be expected to be similar to that of coal firing. For retrofitting purposes, a blend may 
also be used as fuel for oxy-fuel combustion when an oxygen concentration between 25 and 30% is used. 
Another important consideration in retrofitting oxy-fuel technology is the impact on the performance of 
the burner. The release of volatile matter was found to occur closer to the burner region for both coal and 
biomass, bringing the flame nearer as oxygen enrichment increased. This is another important 
consideration in retrofitting oxy-fuel technology as this will impact the performance of the burner with 
regards to flame shape, stability and emission control.  
As a carbon capture technique, firing 100% biomass in an oxy-fuel capture plant can lead to carbon 
negative emissions. However, the results indicate that the heat transfer is lower than the design conditions 
(air-coal). For retrofitting, enriching oxygen above 30% could be used with oxy-fuel combustion to 
increase the heat transfer to both the water walls and radiative heat exchangers, although the increase in 
temperatures may impact negatively on the materials inside the boiler. It must be noted that the values 
reported are indicative of performance trends and do not relate to quantitative values. Moreover, 
modifications that would likely be carried out during retrofitting, such as the use of dedicated biomass 
burners and changes to the firing arrangement to increase the particle residence time, would also help 
improve performance. CFD was used to model only a section of the whole power generation system and 
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in order to more accurately assess the impact of oxy-coal combustion on the overall power plant 
performance, an integrated CFD-Process model would need to be used [9].  
 Firing coal results in the highest carbon balance but appears to have the least impact on performance 
under oxy-fuel combustion, since predictions indicate that heat transfer and temperatures can be closely 
matched to that of air firing. Co-firing can be used to shift the carbon emissions balance of an oxy-coal 
plant from near neutral to negative, without significant penalties on total heat transfer. When the deep 
emission reduction potential of 100% biomass firing is desired, further modifications would be necessary 
to achieve output closer to the original design of the boiler.  
The results presented here indicate that a number of physical sub models will be required to allow the 
impact of the alternative fuels and oxidiser mixtures to be assessed accurately. For example, more 
advanced models are needed to deal with the catalytic influence of biomass char combustion on overall 
burnout, char gasification, radiative heat transfer as well as particle size, shape and internal temperature 
gradients of larger biomass particles. 
5. Conclusions 
The authors used a commercial CFD code, with small or no modifications to the physical submodels, 
to assess the suitability of modelling the performance of a 500 MWe utility boiler, in relation to furnace 
temperatures, heat transfer and burnout. Coal, a 20% biomass blend, and 100% biomass fired in air and 
oxy-fuel environments for a wet-recycle for the same thermal input was studied. 
Predictions showed that for the oxy-fuel cases, the higher oxygen concentration at the inlet increased 
the furnace exit temperature and heat transfer to the radiative sections of the boiler, for each of the 
respective fuels. For the blend cases studied, total heat transfer was similar to that of the coal-firing cases 
since coal dominated the combustion process. However, temperatures at the furnace exit and total heat 
transfer decreased when 100% biomass was used, which was attributed to the larger particle size and 
reduction in particle radiation. The latter was due to the decrease in the total surface area of biomass 
particles, when compared to the much finer coal particles, as well as the lower ash content of biomass.  
The results suggest that for a wet recycle retrofit, the optimum oxygen concentration lies between the 
simulated range of 25 and 30%, where heat transfer characteristics of the air-fired design can be matched, 
when firing either 100% coal or the 20% biomass blend, but not when firing 100% biomass. Therefore, 
co-firing could be used to shift the carbon emissions balance of a coal fired oxy-fuel plant from near 
neutral to negative, without significant penalties on total heat transfer. However, when the deep emission 
reduction potential of 100% biomass firing is desired, further modifications may be necessary to achieve 
an output closer to the original design of the boiler. 
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